Symmetric chloroplast division requires a prokaryote-derived division regulator protein MinD, whose subchloroplastic localization remains to be completely established. We investigated the localization and functionality of AtMinD1 (Arabidopsis thaliana MinD) fused with a dual hemagglutinin epitope (dHA) or a yellow fluorescent protein (YFP). AtMinD1-dHA, which successfully complemented the arc11/atminD1 mutant phenotype, was predominantly located at the envelope membrane and the mid-chloroplast constriction site. Meanwhile, AtMinD1-YFP was non-functional and showed suborganellar localization partly similar to that of AtMinD1-dHA. This prompts us to reevaluate earlier transgenic and transient expression studies using fluorescent protein-tagged AtMinD1.
Symmetric chloroplast division requires a prokaryote-derived division regulator protein MinD, whose subchloroplastic localization remains to be completely established. We investigated the localization and functionality of AtMinD1 (Arabidopsis thaliana MinD) fused with a dual hemagglutinin epitope (dHA) or a yellow fluorescent protein (YFP). AtMinD1-dHA, which successfully complemented the arc11/atminD1 mutant phenotype, was predominantly located at the envelope membrane and the mid-chloroplast constriction site. Meanwhile, AtMinD1-YFP was non-functional and showed suborganellar localization partly similar to that of AtMinD1-dHA. This prompts us to reevaluate earlier transgenic and transient expression studies using fluorescent protein-tagged AtMinD1.
Key words: Arabidopsis thaliana; arc11; chloroplast division; plastid division Symmetric binary division of chloroplasts requires homologues of prokaryotic cell division protein FtsZ, which assemble into a ring just beneath the inner envelope at the mid-chloroplast point. 1) Confinement of the FtsZ ring assembly within the mid-chloroplast is known to require another prokaryote-derived, nuclearencoded protein MinD.
2) Overexpression of an Arabidopsis thaliana-derived minD, AtMinD1, in leaf mesophyll cells of plants resulted in inhibition of chloroplast division and failure of the FtsZ ring assembly, while reduced expression or a loss-of-function mutation of AtMinD1 resulted in asymmetric chloroplast division with formation of non-central and/or multiple FtsZ rings. [2] [3] [4] [5] [6] [7] [8] [9] These data imply an inhibitory role of MinD in chloroplast division and the FtsZ ring assembly, in accord with the ''Min system'' model of prokaryotes.
10)
The precise suborganellar localization of MinD is critical information for understanding of the mechanism of this protein's action. AtMinD1 is the sole MinD homologue in A. thaliana, and was proven to be an ATPase.
11) Nevertheless, subchloroplastic localization and its temporal change in AtMinD1 remain open issues. Previous reports by us and colleagues demonstrated that full-length AtMinD1 or CrMinD1 (Chlamydomonas reinhardtii MinD) fused with fluorescent proteins localized to one or more discrete spots within the chloroplasts when overexpressed in leaves of A. thaliana or tobacco (Nicotiana tabacum). 8, [11] [12] [13] [14] [15] [16] These spots of MinD appeared predominantly at one polar end in ellipsoidal chloroplasts. Meanwhile, Nakanishi et al. 17) recently showed that AtMinD1 is located both at the midchloroplast division site and in punctate structures dispersed on the inner envelope, by means of immunofluorescence microscopy and immunoblot analysis with anti-AtMinD1 antibody. Hence it is necessary to reevaluate the appropriateness of fluorescent protein-tagged AtMinD1 as an imaging probe to detect the innate localization of AtMinD1. In this context, it is also essential to determine whether AtMinD1-fluorescent protein fusions are functional for the regulation of chloroplast divisionsite placement, as previously mentioned. 18) In our current work, we independently investigated the suborganellar localization and the functionality of AtMinD1-yellow fluorescent protein (YFP) by fluorescence microscopy and complementation assay with the arc11/atminD1 mutant of A. thaliana. 3, 8) Furthermore, we compared the results of AtMinD1-YFP with those of dual hemagglutinin epitope (dHA)-tagged AtMinD1 (AtMinD1-dHA), which has been found to be functional by complementation assay with arc11.
8) The aim of this study was to provide a footing for further study of MinD localization and function in chloroplast division.
Arabidopsis thaliana (L.) Heynh. ecotype Landsberg erecta (Ler) was used as the wildtype in this study. For details of our experimental procedures, see Supplemental information (Biosci. Biotechnol. Biochem. Web site).
In our previous work, 8) we found that moderate expression of AtMinD1-dHA (Fig. 1A) (Fig. 1C ). Higher expression of AtMinD1-dHA in arc11 resulted in chloroplast division inhibition (line 11HA2, Fig. 1B) rather than the wild-type-like phenotype, suggesting that AtMinD1-dHA retains an inhibitory role in chloroplast division. In fact, the band intensity derived from AtMinD1-dHA in 11HA2 was 1.3-fold higher than in 11HA38 (Fig. 1C) , but the expression level of the protein A, Domain structure of AtMinD1-dHA. B, Complementation assay of the arc11 mutant with expression of AtMinD1-dHA. Chloroplasts in leaf petioles and mesophylls of 2-week-old seedlings were observed. Images of chloroplasts in marginal tissues of petioles (upper panel) 9) and mesophylls (lower panel) for non-transformed wild-type (Ler) and arc11 plants, the fully complemented line 11HA38, and the transgeneoverexpressing line 11HA2 are shown. C, Immunoblot analysis of AtMinD1-dHA. Equal amounts of proteins (30 mg) from Ler, arc11, 11HA38, and 11HA2 were subjected to immunoblot analysis using an anti-HA antibody (upper panel). Immunoblot with an anti-PsbD antibody is also shown as an equal-loading control (lower panel). D, Solubility analysis of AtMinD1-dHA. Intact chloroplasts (cp) isolated from 11HA38 were burst with a hypotonic condition and thus separated into supernatant (S) and pellet (P) fractions. The hypotonic P fraction was treated with 1 M NaCl, 0.1, or 0.5 M Na 2 CO 3 and again separated into S and P fractions. AtMinD1-dHA, Tic40, and RbcL in each fraction were detected by immunoblotting. The loading amounts of all the S and P fractions were equivalent. Lanes for a size marker (M) are presented at both ends. E-G, Localization of AtMinD1-dHA in isolated chloroplasts of 11HA38, as revealed by immunofluorescent labeling with the anti-HA antibody. Images of early (E) and late (F) dividing chloroplasts and a non-dividing one (G) are shown. The left and the right images respectively show Alexa Fluor 488 signals and merged signals of Alexa Fluor (yellow green) and chlorophyll autofluorescence (red) in the same field of view. An arrowhead in E and a cyan arrow in F indicate the constriction sites of the dividing chloroplasts. The white arrow in F indicates a large punctate signal at the organelle periphery. Scale bars represent 2 mm (E) and 5 mm (F and G).
was not as high as expected from that of mRNA. 8) This implies that the full complementation of arc11 can be established only when the AtMinD1-dHA protein level is within a narrow range.
It has been found that bacterial MinD protein is soluble, but is associated with the plasma membrane in an ATP-dependent manner. 10) In addition, Nakanishi et al. 17) have reported that about a half population of AtMinD1 was detected in the membrane fraction, which was separated from homogenates of wild-type A. thaliana leaves. We investigated the membrane association of AtMinD1-dHA within intact chloroplasts isolated from the fully complemented 11HA38 line. After hypotonic treatment to burst chloroplast envelopes, AtMinD1-dHA was detected in both the pellet (membrane) and the supernatant fractions (Fig. 1D) . The band intensities of both fractions indicated that the majority of AtMinD1-dHA resides on the chloroplast membrane. The pellet fraction after hypotonic treatment was treated with saline (1 M NaCl) or alkaline solution (0.1 M or 0.5 M Na 2 CO 3 ) and thus subfractionated. AtMinD1-dHA was detected substantially only in the pellet fractions (Fig. 1D) , and its fractionation behavior was similar to that of Tic40, a component of the Tic translocon complex and a transmembrane protein integrated exclusively in inner-envelope membranes. 19, 20) On the other hand, the behavior of AtMinD1-dHA differed significantly from that of RbcL, which is known to be soluble but has a tendency to be membraneperipheral in vivo, 21) in that a significant portion of RbcL was washed out from the pellet fraction by the alkaline treatments, even by the milder one (0.1 M Na 2 CO 3 , Fig. 1D ). Because neither AtMinD1 nor the HA epitope are considered to possess any transmembrane segments, the above data suggest that a large portion of AtMinD1-dHA is peripherally associated with the chloroplast membranes in a relatively stable fashion.
Using isolated chloroplasts from the 11HA38 line (Fig. 1D) , we examined the suborganellar localization of AtMinD1-dHA by immunofluorescence microscopy (Fig. 1E, F, and G) . AtMinD1-dHA localized at the midchloroplast division site and also throughout the entire organelle as punctate structures, in both early (Fig. 1E) and late (Fig. 1F ) dividing chloroplasts. The punctate structures varied in size (e.g., a large speckle indicated by the white arrow in Fig. 1F ), and occasionally looked like short filaments (e.g., just beneath the cyan arrow in Fig. 1F) . Notably, the punctate structures did not show a tendency to localize at the organelle poles. In addition, such punctate structures were also observed in nondividing chloroplasts and were preferably detected at the periphery of the chloroplasts when the focal plane was adjusted to the middle of the chloroplasts (Fig. 1G) . The relatively weak signals detected in the interior area of chloroplasts (Fig. 1G) were difficult to distinguish from the non-specific background signals that were obtained in the primary antibody-omitted control (data not shown). The peripheral localization (Fig. 1G ) and the membrane association (Fig. 1D ) of AtMinD1-dHA in the chloroplasts suggest that a large portion of AtMinD1-dHA is attached to the (deductively inner) envelope. The suborganellar localization of AtMinD1-dHA in 11HA38 is essentially similar to that of nonfused AtMinD1 in wild-type A. thaliana.
17) Accordingly, it is likely that carboxyl-terminal dHA tagging does not affect the inherent localization pattern of AtMinD1. Next we carried out a complementation assay for the AtMinD1-YFP transgene ( Fig. 2A) . In the same manner as AtMinD1-dHA, the AtMinD1-YFP transgene was moderately expressed in arc11 under the control of its own upstream genomic sequence. A six amino-acid linker, derived from a multiple cloning site in the YFP vector, was inserted between AtMinD1 and the YFP ORFs. This linker length was unlikely to hinder the AtMinD1 function and might have been beneficial considering that AtFtsZ2-1 fused with GFP without a linker failed to localize to the FtsZ ring, 9, 22) while AtFtsZ2-1-GFP inserted with a six amino-acid linker successfully labelled the ring. 17) We obtained 12 transformants (T 1 ) expressing the AtMinD1-YFP, and observed chloroplast morphologies in the leaves of the 12 T 1 transformants and their T 2 offspring (30 to 50 individuals per parental T 1 line). We found neither fully or partially complemented lines nor lines with chloroplast division inhibition phenotypes. The expression of AtMinD1-YFP did not restore or affect the heterogeneous chloroplast population of arc11, irrespective of the expression of AtMinD1-YFP (Fig. 2B , data not shown). We checked the proper expression of AtMinD1-YFP at the protein level in those lines (Fig. 2C) Next, localization of AtMinD1-YFP was examined in intact leaf petioles and mesophylls from the noncomplemented transgenic lines of arc11. In a manner similar to AtMinD1-dHA, AtMinD1-YFP was randomly dispersed throughout the entire chloroplast as punctate structures (Fig. 2D ), which were found to be preferably located at the organelle periphery by adjustment of the focal plane to the middle of the chloroplast body (Fig. 2D, arrowhead) . Furthermore, the punctate structures were sometimes observed at the constricting sites of dividing chloroplasts (Fig. 2E, arrowheads) and sometimes looked like filaments (e.g., by the upper left arrowhead in the YFP panel of Fig. 2E ). These results might imply that AtMinD1-YFP retains binding affinity to inner envelope membranes and/or AtMinD1-associating factors such as ARC3 15, 23) and MCD1. 17) It has been found that AtMinD1 is a soluble stromal factor, by means of in vitro import experiments using isolated chloroplasts 2) and proteomic analysis of the stroma-enriched fraction of A. thaliana chloroplasts. 24) Recently, Nakanishi et al. 17) found that a certain population of AtMinD1 is also attached to the envelope membranes. It was estimated that a half population of AtMinD1 is peripheral to the envelope and that the other half is soluble in stroma, 17) while our present study suggests that the majority of AtMinD1-dHA is tightly associated with the envelope (Fig. 1D) . This difference might be attributable to plant samples or developmental stages, or sample preparation and fractionation methods.
In our previous studies, AtMinD1-GFP/YFP was typically observed as a single dot and diffused signals Chloroplasts in leaf petioles of 2-week-old seedlings were observed. DIC images for non-transformed wild-type (Ler) and arc11 plants, and a transgenic line 11Y7, which failed to complement the arc11 chloroplast phenotype, are shown. C, Immunoblot analysis of AtMinD1-YFP. Equal amounts of proteins (10 mg) from wild-type Ler, a non-fused GFP-overexpressing line, and a transgenic arc11 line expressing AtMinD1-YFP (line 11Y7) were subjected to immunoblot analysis using an anti-GFP antibody (upper panel). Note that the non-fused GFP migrated at 27 kDa, and that the lower migrating bands at 21 to 26 kDa were detected in all lanes and hence non-specific. Immunoblot with an anti-actin antibody is also shown as an equal-loading control (lower panel). D, E, Subcellular localization of AtMinD1-YFP in 11Y7. The primary and secondary leaf petioles of 2-weekold seedlings were subjected to epifluorescence microscopy. In D, peripheral localization of small punctate signals is indicated by an arrowhead. An arrow indicates an epidermal plastid. In panel E, the left (Chl), the middle (YFP), and the right (DIC) photographs respectively show chlorophyll autofluorescence, YFP signals, and DIC images in the same field of view. Arrowheads in the YFP image of E indicate the constriction sites of a multiple-dividing chloroplast. Scale bars represent 10 mm (B and D) and 2 mm (E).
within plastids or, more severely, as cytoplasmic aggregates, when AtMinD1-GFP/YFP was overexpressed under the control of the CaMV35S promoter in the epidermis of tobacco leaves or onion (Allium cepa) bulbs (Fujiwara, unpublished observation). 4, 8) Moreover, we characterized the subplastidic distribution and FRET (fluorescence resonance energy transfer) interaction of wild-type and the arc11 (A296G) mutant forms of AtMinD1 fused with GFP, YFP, or cyan fluorescent protein (CFP), by transiently expressing AtMinD1-GFP/YFP/CFP with the CaMV35S promoter in the tobacco leaf epidermis. 8) Nevertheless, as is the case with Bacillus subtilis, 25) conjugation of an ordinarysized protein to the carboxyl terminus of MinD might physically interrupt the active sites of MinD while conjugation of a short polypeptide such as dHA does not. GFP and other fluorescent protein-tagging has merits in visualizing target molecules of interest in realtime, but it can often inactivate a tagged protein, and consequently cause mislocalization of the fusion protein in cells. 26) Our present data now lead us to the idea that the observed structures of AtMinD1-GFP/YFP/CFP in our former overexpression studies do not reflect the inherent localization patterns of AtMinD1 upon plastid division. Functional AtMinD1 proteins localize at the constriction and non-constriction sites of chloroplasts in punctate and filamentous forms. The behavior of such AtMinD1 forms during chloroplast division is currently unknown, but the AtMinD1 puncta might further grow or degenerate in order to control division-site selection and division, possibly by affecting the intraplastidic distribution of the AtMinD1-interacting factors. 8, 15, 17, 23) It is also to be noted that we might have observed AtMinD1-GFP/YFP/CFP in plastids which could no longer divide, since the epidermis of mature tobacco leaves was used as the material for transient expression.
Recently we have recognized that plastids in leaf epidermis and chloroplasts in leaf mesophylls can be differentially affected by overexpression or dysfunction of AtMinD1 and its putative partner protein AtMinE1. 27, 28) Therefore, besides the functionality or appropriateness of GFP-tagged proteins for analysis, the division and developmental stages of plastids should be carefully considered in interpreting the localization data.
Although AtMinD1-YFP might have potential in probing endogenous AtMinD1 provided that its expression level is appropriate, we did not detect significant movement of the AtMinD1-YFP signals in arc11 chloroplasts (our preliminary observations). This and the characteristic localization of AtMinD1(-dHA/YFP) at the constricting division sites of chloroplasts (Nakanishi et al. 17) and this study) are obviously incompatible with the known bacterial Min system model. In order to resolve this issue, the mutual spatial relationships among the four proteins currently known as division-site placement factors, viz., AtMinD1, AtMinE1, ARC3, and MCD1, are the next important focus in future studies.
